In this paper we present an experimental validated system for measuring rainfall due to radio frequency (RF) signal attenuation at 2 GHz. Measurements took place in Ioannina, NW Greece, starting in April 2015 and lasting for twelve months. The primary acquired extensive results have shown reliable and accurate measurements for rainfall amounts smaller than 1 mm for 5 min periods. The very important innovation is that this paper presents significant earth-to-earth measurements due to rainfall attenuation (at 2 GHz) in order to act as a map for future investigation and as a prior knowledge for the behavior of other systems operating at frequencies around S-band.
Introduction
Extreme precipitation is one of the most significant research subjects in climatology during the last decades [1] and it is associated with the ongoing climatic change [2] . During extreme precipitation events, accumulated rainfall is often characterized by high spatial variability [3] . Although conventional rain-gauges provide accurate temporal rainfall measurements, their spatial accuracy is limited to the spot of measurement. Epirus, NW Greece, is a mountainous area with very complicated relief and it is characterized by high spatial variability of precipitation [4] , which cannot be satisfactorily analyzed by using the measurements of the existent rain-gauge network. In contrast to the small density of the rain-gauge network over Epirus, man-made generated radio waves, with wavelengths greater than 3 cm, are abundant, especially in the urban environments of the region. The question arises as to whether or not we can improve precipitation's spatial precision of conventional rain gauges by using radio frequency (RF) signals data attenuation due to precipitation. To answer this question we must first prove that it is possible to measure rainfall precipitation for wavelengths greater than 3 cm.
Measuring RF signal attenuation through the atmosphere is a complex process that depends on a variety of parameters such as rain, temperature, humidity, multipath propagation, noise and interference. Especially for frequencies below 10 GHz, very few studies have provided measurements and reporting implementation outcomes [5] . The difficulty in such kind of measurements lies particularly in the fact that signal attenuation due to rainfall is very small at such frequencies demanding customized and high accurate measurement setup. A research team from Korea has used commercial available GSM mobile phones on the 1.8 GHz band to measure received signal strength under dry and rainy weather conditions [6] . Results of a nationwide experiment that uses 5 GHz fixed wireless network as a rain alarm system through monitoring the changes in received signal levels are presented by two research teams from Philipines [7] . A link of path length 200 m was set up in Johor Bahru, Malaysia. Rain rate was measured for one year over 6 GHz frequency [8] . The aforementioned works are primarily based on received signal strength indicator from commercially available fixed or mobile terminals and for extreme rain events. This fact limits the accuracy of the measurements in particular for small rainfall events and short distances. The experimental customized system presented in this work, overcomes hardware limitations of commercial systems. The 10 −4 dBm accuracy in combination with 24-bit resolution provides efficient signal detection even for small rainfall events. There are earth to earth measurements that primarily use microwave links operating at frequencies above 10 GHz which estimate path average precipitation [9] [10] [11] [12] . Microwave links occasionally lie few to several tens of meters above the ground while link's distance is a few km. A major drawback of data by commercial microwave links is the limited or nonexistent availability of commercial microwave link data by network operators [13] . Additionally there are errors due to wind jitter on the antenna and due to wet antenna attenuation. Furthermore, there is a data latency of 1-day and coarse resolution with three modes i.e. every 15 min, 1 h, and 24 hours [14] .
In this paper we present a system for measuring rainfall due to 2 GHz RF signal attenuation. The proposed system has a temporal resolution of 12 secs and data latency in real time. The system consists of 1) a pair of antennas-two meters above the ground-and a transmitter-receiver module on a line of sight of several meters giving the advantage of uniform rainfall along the path at any time and 2) the conventional rain gauge at the meteorological station of the University of Ioannina. Additionally, as the antennas are inside two adjacent buildings, there is neither wet antenna attenuation nor wind jitter errors. The sensitivity of the conventional rain-gauge is 0.2 mm per tip.
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The antennas, as well as the associated electronics for the receiver were designed and implemented in the Electronics-Telecommunications and Applications Laboratory of the University of Ioannina. Parts of the system have already been pre-validated for a small range of measurements in order to be certain for the proper principle of operation [15] . Specifically, the final version of the system is located in the area of the University Campus (20˚50'48''W, 39˚37'11''N, 490 m), at a distance of 4 km from Ioannina, a city of 120,000 habitants which is the capital of Epirus.
The paper is organized as follows: In the next section we present a detailed description of the experimental setup. In Section 3 we discuss preliminary measurement results that confirm system's operability. The final section contains concluding remarks and future work.
Experimental Setup
The experimental setup consists of two subsystems shown in Figure 1 . Subsystem A consists of the transmitter (A1) and the receiver module (A2). Transmitter module consists of a microwave signal generator and the transmitting antenna while receiver module comprises of the filter, the power detector, the A/D and the microcontroller. Subsystem B is a tipping bucket rain gauge with programmable rainfall measurement time intervals. The transmitter as well as the receiver use two identical waveguide antennas located between two adjacent buildings. Each waveguide antenna occupies a small volume; it is light weight and has a resonant frequency of 2 GHz. The distance between the front edges of the waveguide antennas is 21.5 m. The elevation angle is zero degrees and the two antennas are at a height of 2 meters above the ground surface. Since the antennas are within the buildings we eliminate additional errors in our measurements due to influences such as ice and moisture in the antenna surface and jitter phenomenon due to wind. The transmitter module consists of a signal generator which emits an un-modulated carrier at 2 GHz.
The system of the receiver is consisted of various subunits. These subunits range from the microcontroller stage to the constructed antenna. Also a Band Pass Filter (BPF), with lower and upper cutoff frequencies of 1960 MHz and 2360 MHz respectively, is included in the system. Other also important subunits should not omitted which are the Analog to Digital Converted (ADC) and the power detector unit along with the antenna and microcontroller as already Then the data are lead to the 8-bit microcontroller unit in order to take place the logging procedure whereas the storing operation is conducted in an SD card while the synchronization is accomplished by the Real Time Clock module (RTC). An already made logging shield is included on the board, while the other included RF detector unit was designed and constructed in our laboratory. In particular, the logging shield includes an SD socket of specific memory card type and the RTC for inserting the time stamps in the acquired samples. As for the acquisition of the latest, the samples originated from the output of the ADC are stored every 12 seconds and this procedure is controlled by the microcontroller. Table 1 .
The meteorological rain gauge is programmed to store rainfall amount (RA) in mm every five minutes. In order to evaluate our measurement system, we used the following methodology in case of rain events mainly after dry periods.
For a rainfall event the signal attenuation is defined as:
where P rx (t) is the received power recorded every five times per minute during the rain event and P ref is the average value of the received power over 30 minutes before the start of the rain event. In order to convert signal attenuation due to rainfall to the rainfall amount that conventional rain-gauge measures, Equation
(1) turns to: 
Results
The system came into operation in March 2015 and the data presented below were recorded between April 2015 and April 2016. Figure 2 shows a photograph of the implemented subsystem A2. Figure 3 shows time series P(t) of Equation (1) We also notice that in Figure  4 after the end of the third rainfall event the P rx does not tend to P ref but it remains smaller than the P ref due to high humidity in the atmosphere.
For forty rainfall events similar to those described above, we measured signal attenuation based on Equation (1) and Equation (2) . Each series of measurements appears in the columns of Table 2 . Median P RA values for rainfall amounts 0.2, 0.4, 0.6 and 0.8 mm are shown in Table 2 . Values range from 0.09 to 0.43 dBm.
With regard to the box plots as illustrated in Figure 5 for the four rainfall amounts it is clear that there is a separation of the boundaries of the boxes. It can be seen that there is no overlap for the width of the boxes, defined as the separation between the 25th and 75th percentiles for every rainfall amount. 
Conclusions and Future Work
In this work we present a new experimental system for rainfall measurement via the radio frequency (RF) signal attenuation at 2 GHz caused by rainfall. We measured small rainfall amounts from 0.2 to 0.8 mm and for one year period.
The measured results indicate the very good accuracy of our system. Such kind of measurements could infill spatial gaps in used rainfall monitoring techniques. Future scopes of the presented research are 1) the improvement of the spatial rainfall measurement accuracy due to measuring signals' attenuation in frequency bands that are overwhelmed by standards of IEEE, WiMAX, ISM bands, cellular communications, etc. and 2) the estimation of the rainfall due to signal attenuation in cm-area and the creation of an empirical rainfall model as a function of the specific attenuation rate for Europe and especially for the Greek area.
Furthermore, the proposed system works for a given frequency band by transmitting and receiving only one carrier each time, and for finding the attenuation due to rain effects. In turn, the system could be upgraded with OFDM [25] and without the use of software radio techniques [26] .
